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Introduction
A large segmental bone defect (LSBD) caused by trauma, infection, congenital bone disease or tumor resection is always difficult to treat, as multiple surgical procedures are usually required to recreate an effective union and restore the bone's basic function [1] . Currently, cortical allograft transplantation is the most widely-used treatment for LSBD. According to current data, more than 500,000 bone-grafting procedures are performed in America every year [2] [3] [4] . Transplant rejection and other diseases have been reduced through strict control of the establishment of bone banks and bone resources. Nevertheless, studies have reported that the five-year success rate after allograft bone transplantation is only 20% due to complications such as nonunion, fracture and infections [5] . The slowness of host bone creeping substitution and angiogenesis caused by the lack of biological activity and osteoinductivity is considered the main reason for this low success rate [6, 7] .
Many studies have reported that the surface morphology of bone material implants had important effects on the adhesion, proliferation and differentiation of bone cells, and the effects are reflected in the osteogenic process and the response to various growth factors [8, 9] . The surface structure of the modified materials (toughness R a > 0.5 μm) can stimulate osteoinductivity, promote bone cell adhesion and proliferation, regulate the release and enrichment of bone morphogenetic protein-2/transforming growth factor-β (BMP-2/ TGF-β) [10] , induce bone marrow stem cells to differentiate into osteoblasts [11] , and reduce osteoclast activity [12] . Types of implant materials with surface osteoinductivity have been developed quickly. Some researchers have suggested that sandblasting and femtosecond laser technology can be used to prepare surface-modified titanium with osteoinductivity [13, 14] . Our unpublished study also revealed that an acid-treated titanium surface may increase bone union.
Reports have suggested that cancellous bone graft materials with R a of 0.5-1.5 μm by morphological observation performed perfectly in bone graft treatment and that their surface morphology was considered as the most suitable for osteoinductivity [15] . Our follow-up study of a porous tantalum rod in the early and intermediate stages of necrosis of the femoral head has suggested that a biomimetic trabecular bone surface can be combined closely with bone tissue [16] . Cortical allograft surfaces are smooth and dense, with a surface roughness of 0.09 μm [15] . This surface may not provide an appropriate biological interface for the adhesion and proliferation of bone cells in the absence of cytokines, and we suspect that this may be another major factor responsible for the slowness of host bone creeping substitution. Conventional methods of re-structuring surfaces such as plasma spraying and anodic oxidation require high temperatures, and/or strongly acidic, alkaline or electrochemical conditions. However, these methods are inappropriate for the modification of cortical bone because of its mild physico-chemical properties. In this study, we used different concentrations of H 3 PO 4 to modify allogenic cortical bone and tested whether the surface could be structured in a way which would stimulate osteoinductivity. As a result, we hoped to develop a safer and more efficient method that has less influence on the physicochemical properties of allogenic cortical bone. The method was required to stimulate the osteoinductivity of allogenic cortical bone and provide a suitable biological interface for host bone creeping substitution.
We hoped to develop a suitable surface structure modification method that could improve surface bone biocompatibility, activate osteoinductivity and accelerate the bone growth and creeping substitution rate in allogenic cortical bones. We also aimed to evaluate these functions and clarify the mechanism of the "bone bed" for the treatment of LSBD.
Materials and Methods
Materials and cell culture
Allogenic cortical bone: Fresh bone tissues were derived from femurs and tibias of New Zealand white rabbits (female, 3-5 kg, provided by the Laboratory Animal Center of Huazhong University of Science and Technology). The rabbits were sacrificed by an overdose of 3% sodium pentobarbital (provided by Union Hospital, Wuhan, Hubei Province, China). After soft tissues and cancellous bone were removed, samples of cortical bone 5-10 mm in diameter and 3-5 mm thick were prepared from the femoral and tibial cortical bones. Samples were stored at -80°C. Cortical bone samples were prepared as follows: (1) mechanical cleaning (double distilled water and PBS for five minutes, three times), (2) ultrasonic cleaning (40 minutes, three times), (3) chemical cleaning (non-ionic detergents, hydrogen peroxide and alcohol for five minutes, three times each), (4) high-pressure steam sterilization, (5) storage of samples at -80°C.
Fabrication of materials
The cortical bones were sterilized by UV light for 30 minutes in a laminar flow hood, and then placed into 12-well plates for surface modification. The intervention liquids were 10% H 3 PO 4 , 20% H 3 PO 4 and 30% H 3 PO 4 , and the intervention times were 10 minutes, 30 minutes and 60 minutes. After treatment, the modified cortical bones were washed three times (10 minutes per time) with sterile distilled water to remove the residual solution from the material surface.
Biocompatibility
MTT and LIVE/DEAD assay. Effects of the modified allogenic cortical bones on the viability of MC3T3-E1 cells were analyzed by MTT assay. Modified and unmodified cortical bones were soaked in α-MEM (Gibco BRL, Grand Island, NY, USA) supplemented with 10% FBS (Invitrogen, Carlsbad, CA, USA) and 1% penicillinstreptomycin for 24 h, then the medium was removed and designated 'leach liquor'. The modified cortical bone samples were placed into 12-well plates and MC3T3-E1 cells were seeded onto the bone samples at a density of 20,000 cells/well. As a control, MC3T3-E1 cells were cultured in α-MEM supplemented with 10% FBS and 1% penicillin-streptomycin. In the modified and un-modified groups, MC3T3-E1 cells were cultured in the appropriate leach liquor. MC3T3-E1 cells in all groups were cultured in an incubator with 5% CO 2 at 37°C for 48 h. Then, cells were collected, seeded into 96-well plates at a density of 3,000 cells/ well and incubated for 24 h. Cell growth was measured by MTT (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) assay. A 10-µL aliquot of MTT solution (5 mg/mL) was added into each well, and incubated for an additional 4 h. After incubation, medium containing MTT was removed, 150 µL of DMSO (Nanjing Jiancheng Bioengineering Institute) was added to each well to dissolve the resulting formazan crystals, and plates were oscillated for 15 minutes. The absorbance of each well was determined by microplate reader at a wavelength of 540 nm.
A ReadyProbes® Cell Viability Imaging Kit (Life Technologies, Gaithersburg, MD, USA) was used to detect cell viability after 24 h of incubation, in which living cells are stained by a blue dye and a green dye is used to stain the dead cells. Stained cells were analyzed under a fluorescence microscope (DP72, Olympus, Shinjuku, Tokyo, Japan)
Alkaline phosphatase (ALP) assay. MC3T3-E1 cells were seeded onto the modified allogenic cortical bone samples in 24-well plates at a density of 10,000 cells/well to measure ALP activity. The medium was changed every two days. After 3, 7 and 14 days of culture, cells that grew and proliferated on the cortical bone samples were collected, washed twice with PBS and immersed in lysis buffer at 4°C for 30 minutes. ALP activity was assayed by microplate reader using an ALP kit (Nanjing Jiancheng Bioengineering Institute) at a wavelength of 490 nm, according to the manufacturer's instructions.
Biomechanical properties test
Allogenic cortical bone samples were thawed at room temperature before mechanical testing. After modification, the bone samples were subjected to three-point bending and kept moist with an isotonic saline solution during the tests. Briefly, samples of modified bone were placed in an MTS testing machine (1-mm diameter discharge head, 2.0 mm/min loading speed, 15-mm span) to record load and deflection values at each time point. Then, load-deflection curves were determined, maximum load and stiffness values were obtained. 
Contact angle detection
The modified allografts were dried overnight at room temperature and then used for contact angle measurement with distilled water. Six samples were measured in every group, and three different areas on each sample were measured with a static droplet measuring instrument (JC2000C1; Zhongcheng, Shanghai) at room temperature. A 2 µL drop of distilled water was carefully loaded onto the surface of the allograft samples and left for 20 s before measurement. The contact angle of the substrate was analyzed using the software supplied by the manufacturer.
Q-PCR and western blotting
Samples of modified cortical bone were placed into 12-well plates. MC3T3-E1 cells were seeded into the wells at a density of 20,000 cells/well and cultured in osteogenic induction medium (α-MEM supplemented with 10% FBS, 100 mM dexamethasone, 10 mM β-glycerophosphate, and 50 μg/mL ascorbic acid) for 14 days. Then, total RNA from each experimental group was extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. Quantitative real-time PCR (Q-PCR) reactions were carried out and monitored with an ABI PRISM 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). Expression levels of the target genes (bone morphogenetic protein 2 (BMP2), runtrelated transcription factor 2 (Runx2) and osteopontin (OPN)) were normalized to the reference gene glyceraldehyde dehydrogenase (GAPDH). All PCRs were performed in triplicate and the primers used were as follows:
Samples of modified cortical bone were placed into 12-well plates. MC3T3-E1 cells were seeded into the wells at a density of 20,000 cells/well and cultured in osteogenic induction medium as described above for 14 days. Then, MC3T3-E1 cells were lysed in lysis buffer on ice for 30 minutes. For western blot analysis, 300 μg of total protein was resolved by 10% SDS-PAGE, and proteins were transferred onto a polyvinylidene difluoride (PVDF) membrane. Anti-BMP2 (1:1,000), anti-Runx2 (1:10,000), anti-OPN (1:10,000) and anti-GAPDH (1:10,000) antibodies (all from Abcam, Cambridge, MA, USA) were used for immuno-blotting. GAPDH was used as the loading control. The horseradish peroxidase-conjugated secondary antibody was used at a 1:10,000 dilution. Images were analyzed by Quantity One 4.62 software (BioRad, Hercules, CA. USA).
Scanning electron microscopy (SEM)
Modified cortical bone samples were placed into 12-well plates and MC3T3-E1 cells were seeded into the wells at a density of 20,000 cells/well, and cultured in α-MEM for 3 days. Then, the cortical bones were washed three times with PBS, fixed with 2.5% glutaraldehyde for 12 h, dehydrated by critical-point drying and gold coated under vacuum. Cell surface morphology, surface material adhesion, and the threedimensional pore structure of the material were observed using SEM, and the pore size of the material's surface was analyzed.
Statistical analysis
Data are expressed as mean ± SD. SPSS 17.0 statistical software was used for statistical analysis. ANOVA with Dunnett's test was used to assess differences between control and experimental groups; a P value < 0.05 was considered statistically significant. Each experiment was performed independently, three times.
Results
Hydrophilicity of the modified cortical bone was determined by water contact angle measurements, and the results were shown in Table 1 . The value decreased according to the duration of treatment and the concentration of H 3 PO 4 . A significant difference was only found between the group modified by 30% H 3 PO 4 for 60 minutes and the un-modified group (Nb group).
Surface toxicity of cortical bone was evaluated by MTT and LIVE/DEAD assays (Fig.  1) . MTT showed that MC3T3-E1 cell growth was significantly inhibited by 20% and 30% H 3 PO 4 (P < 0.05). However, there was no significant difference between the groups modified with 10% H 3 PO 4 and the normal culture group (Nc group) (P > 0.05) (Fig. 1A) . Cell viability staining showed more dead cells in the 30% H 3 PO 4 groups, while fewer were apparent in the 10% H 3 PO 4 groups (Fig. 1B, 1C) . Table 1 . Contact angle of the cortical bone samples following different modifications. CAW = contact angle of water. * P < 0.05 vs. Nb (un-modified) group The ALP activity of the different experimental groups was measured on days 3, 7 and 14 ( Fig. 2) . ALP activity decreased in the treated groups at all three concentrations of H 3 PO 4 as well as in the un-modified group at day 3 ( Fig. 2A) . The group modified with 10% H 3 PO 4 for 10 minutes had higher ALP activity than the Nc group (P < 0.05) (Fig. 2B ) on day 7 and the increase was also found on day 14 (Fig. 2C) . Other groups modified with phosphoric acid showed lower ALP activity than the Nc group at day 7 and 14 ( Fig. 2B, C) . Maximum load, maximum stress and elasticity values of allogenic cortical bone samples in the Nb group were higher than those in the groups modified with phosphoric acid (Table  2) . Values in the group modified with 30% H 3 PO 4 decreased the most, while values in the group modified with 10% H 3 PO 4 were similar to the Nb group.
According to the results of water contact angle testing, MTT assay, ALP assay and biomechanical properties testing, we found that the group modified with 10% H 3 PO 4 for 10 minutes showed more beneficial effects than others. Therefore, we chose treatment with 10% H 3 PO 4 for 10 minutes for subsequent experiments. We tested the expression of BMP2, Runx2 and OPN in MC3T3-E1 cells after culture with osteogenic induction medium for 14 days. We observed increased expression of OPN protein in the 10% H 3 PO 4 group, while no difference was found in the normal culture group and the un-modified group. The results showed that there was no significant difference between the levels of BMP2 and Runx2 proteins in the three groups (Fig. 3) .
Surface porosity of the groups modified by 10%, 20%, and 30% H 3 PO 4 for 10 minutes and the Nb group were measured using MATLAB® (Mathworks, Natick, MA, USA) and Photoshop (Adobe Systems Inc., San Jose, CA, USA) software. Surface porosity in the 10%, 20%, and 30% H 3 PO 4 groups was 16.8%, 15.8% and 17.7% respectively, all of which were higher than the Nb group (Table 3 ). The surface structure of the cortical bone changed after modification by H 3 PO 4 for 10 minutes. Pore number and aperture were increased in the H 3 PO 4 group compared to the Nb group. MC3T3-E1 cells exhibited a flat appearance and were spread out over the surface in H 3 PO 4 modified groups. Cells extended their pseudopodia on the surface of phosphoric acid-modified cortical bone samples (Fig. 4) .
Discussion
We have recently shown that a biomimetic trabecular bone surface could be combined closely with bone tissue [16] , which suggested that modification of the bone surface could be used for regenerative medicine. In this study, we first tested a new method of modifying the cortical bone surface and then assessed the surface toxicity, biomechanical properties, surface adhesion and osteogenic differentiation potential of MC3T3-E1 cells loaded on the modified surface in vitro. 
com/cpb
Allogenic cortical bone has the potential for use as a bone substitute material in autogenous transplantation because of its normal bone strength, large size range and accessibility. Furthermore, these bones are mainly used to repair large bone defects after tumor resection. A prospective study by Gerrand et al. [17] reported the use of allogenic cortical bone with intramedullary bone cement for the repair of bone defects caused by tumor resection. After five years of follow up, Gerrand found that allogenic cortical bone in the body had a survival rate of 86% and the incidence rate of fracture and nonunion was 9% and 15%, respectively. In addition, functional evaluation revealed that the outcome of osteochondral allografts was poor, while intercalary allografts produced the best results. Moran et al. [18] also reported seven cases in which a free fibula was inserted into the allogenic bone medullary cavity to repair defects caused by bone tumors in children. These had a limb survival rate of 100%, an average bone healing time of nine months, and no instances of fracture or infection occurred within the 36-month follow-up period.
Most previous LSBD studies started by using various methods to modify the metal and tantalum with the aim of improving biological performance [19] . In order to optimize its biological properties in vivo, many methods have been used to modify the surface characteristics of tantalum metal, including acid pickling with HF/HNO 3 or HC1/H 2 SO 4 [20] , biomimetic coatings [21, 22] , the sol-gel method [23] [24] [25] , anodic oxidation, alkaline-heat treatment, tantalum pentoxide (Ta 2 O 5 ) nanotube decoration [26] , layer-by-layer depositions [24] , and surface functionalization [25, 26] . However, to our knowledge, no studies of surface modification of allogenic cortical bone have been reported. In addition, the main problem with the surface modification strategies was the shortage of porous surface structure for osteoblast adhesion and proliferation. Acid modification could form a rough and multiporous surface structure on the implant and increase the contact area of the implanted cortical bone, which may result in the early attachment and growth of bone cells. Mangano et al. reported that micron scale porous structures were formed after acid etching with a pure titanium implant [27] . With high free energy, this surface could combine with implants better, and stimulate the formation of connective and vascular tissues. The acid modification methods generally aimed to alter surface micro-roughness. Among these acids, phosphoric acid was of interest because of its influence on the cell response due to the potential change in physical characteristics of the surface and the influence of the remaining phosphate on the surface on cell behavior [28] . Previous studies have shown that phosphate ions promote cell adhesion and osteogenic differentiation of various cell types, for example periodontal ligament cells, osteoblasts and cementoblasts [29] [30] [31] . ALP activity is an osteoblast differentiation marker in MC3T3-E1 cells. In the present study, the group modified by 10% phosphoric acid for 10 minutes produced significantly higher ALP activity and more stable biomechanical properties. We therefore concluded that phosphoric acid solution might be a potential surface modification method.
Our research showed that the surface characteristics of allogenic cortical bone were slightly changed by H 3 PO 4 when observed by SEM. We found that the surface structure of cortical bone became more rough and porous. When MC3T3-E1 cells were cultured in the modified group they adhered with more "pseudopods" than in the un-modified group. We therefore assumed that bone surface structure might play an important role in the attachment and growth of cells. Previous studies have shown that surface roughness could affect osteoblast differentiation and proliferation [32] [33] [34] . One previous study also showed that low-concentration phosphoric acid as well as high concentration phosphoric acid might alter titanium surface morphology [28] . However, although low-concentration phosphoric acid has a slight impact on the biomechanical environment of the cortical bone, its toxicity was manageable, as determined by MTT, LIVE/DEAD assay and biomechanical experiments. It is worth mentioning that this process showed great promise for future animal experiments and clinical studies.
Our results (Fig. 3) showed an up-regulation of OPN mRNA and protein in the 10% H 3 PO 4 modified group. However the expression of BMP2 and Runx2 showed no significant difference among the three groups according to the results of Q-PCR and western blotting. We therefore concluded that OPN was acting as a chemoattractant for MC3T3-E1 cells binding to a surface. Wu et al. reported that modification of a surface with calcined hydroxyapatite composites could enhance OPN expression after 6 days in culture (P < 0.05) in human fetal osteoblasts (hFOB 1.19) [35] . Wu et al. reported that PO − 3 4 could stimulate OPN expression in MC3T3-E1 osteoblastic cells [36] . OPN is a secreted glycoprotein with functional and structural characteristics of a matricellular protein. Surfaces coated with OPN promote cell adhesion of MC3T3-E1/C4 osteoblastic cells better than those with no protein [37] . OPN contains several cell adhesive domains and the regulation of bone cell adhesion has been suggested by several observations. OPN is localized to the mineralized collagenous matrix for bone cell adhesive interactions during bone formation and remodeling [38] . In addition, OPN is produced at high levels by developing osteoblasts, and it has been shown to mediate substrate attachment of osteoblasts in vitro [39] .
The influence of surface hydrophilicity on cell behaviors remains controversial. It has been observed that cell attachment, adhesion and bone apposition increase on hydrophilic surfaces [40] [41] [42] . In contrast, it has also been indicated that decreased surface wettability promotes cell attachment and protein adsorption [43] . In the present study, the surface hydrophilicity was related to the concentration of H 3 PO 4 , but the effect was not significant, though cell attachment and the expression of OPN were marked on surfaces modified with 10% H 3 PO 4 . Thus, the surface hydrophilicity may not be a main factor regulating cell response in this setting.
There were some limitations to our study. Firstly, our experiment only involved surface materials and lacked animal experiments. Secondly, only rabbit cortical bones were selected and analyzed. Lastly, blood supply in tissues around the cortical bone plays a pivotal role in LSBD healing [44, 45] , and bone regeneration improves when blood supply is enhanced [46] [47] [48] . However, defects in the vascularization process were not analyzed in our experiments.
Conclusions
In summary, we have shown for the first time that low-concentration phosphoric acid provides a potential method of modifying the allograft cortical bone surface. We observed that the cortical bone surface modified by low-concentration phosphoric acid enhanced
